INTRODUCTION
Bacteriophage development specifically requiring stationary phase bacteria is a unique phenomenon, first reported by Woods (1976) who described a system in which phage c~3a grows on stationary phase Achromobacter strain 14 mutant cells but is unable to develop in exponential phase cells of the same strain. The wild-type (w.t.) Achromobacter strain supports phage c~3a growth only in exponential phase ceils. Stationary phase phage growth is sensitive to aeration and no growth occurs at 02 concentrations above 5"2 p.p.m. (Woods, 1976; Robb et al. I977) . Aeration also inhibited RNA synthesis in stationary phase bacteria which suggests that phage development coincides with renewed RNA polymerase activity in non-aerated stationary phase cells. Robb et al. (1977) isolated a rifampicin-resistant Achromobacter mutant with an altered RNA polymerase which supports growth in both exponential and stationary phases. This result suggested that the ability of the mutant cells to support a3a phage growth in stationary phase but not in exponential phase could be due to a change in template specificity of RNA polymerase. Previous attempts to study the details of the growth cycle (e.g. latent period, burst size) by conventional single step growth experiments were unsuccessful as the micro-environment (e.g. micro-aerophilic conditions) is very critical for stationary phase growth and diluting the cultures inhibited phage development. However, these problems have now been overcome and we describe the novel kinetics of phage growth on stationary phase cells. Isolation of bacterial mutants. Phage-resistant mutants of Achromobacter strain 14 were selected by spraying 3-day-old bacterial colonies with an aerosol suspension of ~3 a (Io 6 p.f.u./ml). After a further 3 days incubation, colonies which were able to support stationary phase phage growth developed a nibbled appearance and areas of lysis in the centre of the colonies. Resistant colonies were tested for phage adsorption and a nonadsorbing mutant was isolated and utilized in the stationary phase phage growth experiments.
Phage growth on stationary phase cells. Achromobacter strain 14 cultures were lyophilized on filter paper and stored in a vacuum desiccator at 4 °C. For reproducible stationary phase phage growth in liquid medium lyophilized cells were inoculated into 600 ml tryptone broth in a I litre conical flask. The culture was aerated at 250 rev/min on a Gallenkamp rotary shaker for 3 days (approx. 2 × IO 9 cells/ml) and then Io ml samples were dispensed into 28 ml screw-top containers. Unless otherwise stated, the samples were pre-conditioned for phage growth by incubation for at least I day before phage addition. Phage ~3 a was added at a final concentration of approx. Io 4 p.f.u./ml. Phage growth was determined by assaying two IO ml cultures for p.f.u. (Woods, I976), at each sampling time.
Antiserum. Rabbit antiserum against phage ~3 a was prepared as described by Thomson & Woods 0973 ) and used at a final concentration of K = 5.
Phage adsorption. Phage a3a was added to exponential and stationary phase bacterial cultures (2 × IO 9 cells/ml) at an m.o.i, of IO -3 and incubated at 3o °C. Samples were diluted Io3-fold, treated with toluene for I5 min at room temperature and assayed for free phage.
Single-burst experiment. Burst sizes of individual cells were determined by a modification of the method of Ellis & Delbriick 0939). Phage ~3a (m.o.i. Io -5) was added to a 4-day-old pre-conditioned culture (2× Io 9 cells/ml) of Achromobaeter strain 14 and re-incubated without aeration for I6 h. A sample was diluted tenfold into ~3a antiserum and free phage was inactivated by 7 rain incubation at 37 °C. After a further Io2-fold dilution in tris-HC1 buffer, samples were plated to obtain the number of infective centres. A further Ion-fold dilution in pre-warmed tryptone broth or tris-HC1 buffer was made. Samples (o'5 ml) were then dispensed in tubes and incubated for I8 h. The entire contents of each sample were assayed for infectivity. To obtain single bursts in exponential phase w.t. cells, an overnight w.t. culture was diluted tenfold into tryptone broth and aerated for 2. 5 h (2×Io 8 cells/ml) before the addition of phage ~3a (m.o.i. o'5). After I5min for adsorption the free phage were inactivated by antiserum and the infected bacteria were diluted to give less than one infected cell pea o'5 ml sample. The burst sizes were assayed after 3 h incubation.
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RESULTS
Optimal conditions for stationary phase phage growth
The standard method for stationary phase phage growth involving a 3-day aeration stage and a I-day pre-conditioning phase provided reproducible and optimal phage growth conditions and the use of lyophilized cells eliminated variations due to back mutations.
The ability of phage a3a to grow on stationary phase Achromobacter strain 14 was affected by the volume of the culture and degree of aeration during the 3-day growth period prior to the addition of phage. Increasing the aeration by decreasing the volume of culture from 6oo ml to 2oo ml in the I litre flask during the 3-day shaking period, resulted in an increase in the normal latent period of 6 to 9 h required for phage development. The degree of aeration in the standing cultures after the addition of phage was also critical for reproducible stationary phase phage growth. Culture volumes of IO ml in 28 ml screw-cap containers were optimal for phage growth on stationary phase cells. When culture volumes of Io ml and 2o ml in IOO ml flasks were used, no phage growth occurred. Woods (I976) showed that anaerobic conditions did not support phage growth. The sensitivity of the stationary phase phage growth system was further shown by the inhibition of phage growth when samples were taken from the same IO ml culture which was repeatedly opened and moved during sampling. This problem was overcome by assaying two IO ml cultures for p.f.u, at each sampling time and cultures were discarded after sampling.
Age of cultures supporting stationary phase phage growth
The ability of standing and shaking stationary phase Achromobacter 14 cultures to support phage growth after extremely long incubation periods was determined (Fig. I) . After dispensing the IO ml samples into the 28 ml containers, these standing cultures retained the ability to support phage growth for a further 16 days. Phage added on dispensing resulted in a sevenfold increase in titre after 24 h. When cultures were allowed to stand for I and 2 days before phage addition, the phage yields after 24 h increased by factors of 3 × Io 3 and 7 × IO ~ respectively. Nineteen-day-old standing cultures were able to support a lo3-fold increase in phage titre. In a second experiment phage a3a was added to 3-day aerated cultures which were continuously aerated for 21 days. Samples (Io ml) from these cultures were removed and assayed for phage after standing for 24 h. These infected cells initially supported phage growth on standing but lost this ability after approx. I3 days (Fig. I) . Although shaking cells lost the ability to support phage growth, the phage input titre did not decrease after 21 days.
Stationary phase growth kinetics
The kinetics of phage ~3 a growth on stationary phase Achromobacter strain 14 cells was studied by the addition of phage to IO iill cultures that had been aerated for 3 days and allowed to stand for different time intervals (Fig. z) . Under optimal conditions, the minimum length of time before phage production (which we define as the latent period) was 6 to 9 h. Optimal conditions involved standing 3-day aerated cultures for at least I day before the addition of phage. There was a very long latent period (18 h) when cultures were not incubated without aeration before the addition of phage. The 6 to 9 h latent period for stationary phase phage growth contrasted with the IOO min latent period for phage growth on exponential w.t. cells (Thomson & Woods, 1974) . A Io 4-to Io6-fold increase in p.f.u./ml was obtained after 24 h and since the single burst experiment (see below) showed a burst Fig. I . Growth of phage ~3a on shaking and standing stationary phase Achromobacter strain I4 cultures. Two cultures of Achrornobacter strain I4 were grown for 3 days with aeration by shaking (z x Io 9 cells/ml). One culture was dispensed into to ml volumes which were allowed to stand without aeration for a further t6 days. During this time phage c¢3a'was added at intervals to the different Io ml cultures and p.f.u, were assayed after a4 h (Q---O). Points plotted represent the average p.f.u./ml from duplicate samples. To the second culture, phage c¢3a was added (m.o.i. IO-5), aeration was continued and at different time intervals IO ml samples were removed and allowed to stand without aeration for 24 h before assaying for infectivity (A--A). The symbols indicate the time of the start of the 24 h period of infection without aeration. size of approx. 700 this increase must be due to at least two successive growth steps rather than a single step.
The classical one step growth experiment devised by Ellis & Delbriick 0939) to study the kinetics of phage multiplication in bacterial populations could not be applied to this phage growth system. The experiment requires that after phage adsorption to the host cells, re-infection is minimized during the period of observation by diluting the phage/bacterial mixture to such an extent that the rate of adsorption becomes extremely small. By assaying the number of infected centres at the time of dilution the average burst size can be calculated at the end of the rise period. However, in this system, due to the requirement for such stringent conditions any dilution after phage adsorption inhibited phage growth (Fig. 3) Fig. 2 . Kinetics of phage ~x3a growth on stationary phase Achromobacter strain 14 cells. Cultures of strain 14 were grown for 3 days with aeration by shaking (2 x xo 9 cells/ml). Phage ~3a was added (lO 4 p.f.u./ml) to IO ml cultures after the cultures had been shaking for 3 days (O--O), shaking for 3 days and standing for I day (O--©), shaking for 3 days and standing for I'5 days (11--11), shaking for 3 days and standing for 2 days (A--A) and the cultures were assayed for p.f.u, at subsequent time intervals.
Single burst experiments
Infected stationary phase cultures were diluted to contain less than I infected bacterium per sample. Burst sizes of those infected centres incubated in broth ranged from 8 to I4OO (Table 1) with an average burst size of 7o9, taking into account those samples which contained more than one infected centre, as calculated by Poisson's formula (Ellis & Delbriick, i939; Adams, 1959) . Thirty-three per cent of the infected bacteria did not burst and in calculating the average burst size these have been disregarded. Similar burst sizes were obtained when infected cells were diluted in tris-HC1 buffer. The burst sizes in exponential w.t. cells ranged from 78 to 28o with an average of i53 phage per infected centre (Table I) . Two per cent of the infected bacteria did not burst.
Phage adsorption
Phage adsorption was determined over a period of 3 h for stationary phase cells and 90 min for exponential cells. The velocity constants (k) were: 1"3 x lO -11, 4 x 1o -1~, 9 × ~ o-13 and 3 x lO -13 ml/min for exponential w.t. cultures, stationary phase w.t. cultures, exponential strain 14 cultures and stationary phase strain I4 cultures respectively. Fig. 3 . Inhibition of phage ~3a development during the latent period. Achromobacter strain I4 was grown for 3 days with aeration by shaking. After I day of standing phage cc3a was added (Io 4 p.f.u./ml) and. phage development monitored (O--O). At intervals after phage addition samples were diluted ioo-fold (0-(3) into identical stationary phase cultures of Achrornobacter strain I4 non-adsorbing mutant, and the phage titres were assayed at the time of dilution and after incubation without aeration ((3--0). Similar results were obtained when the phage infected culture was diluted into 3-day-old cell-free medium or tryptone broth.
DISCUSSION
Phage ~3 a growth on stationary phase ceils is characterized by a very long and variable latent period after phage infection. Allowing the bacterial cultures to stand, after shaking, for at least 24 h before infection reduced the latent period from I8 h to 6 to 9 h. This may indicate that a host component essential for phage development is synthesized during the standing period. The latent period for phage c~3a growth on exponential w.t. cells is IOO min (Thomson & Woods, r974) which is somewhat longer than other phage systems. During the 6 to 9 h period before phage growth commences in stationary phase the infected cells are very sensitive and dilution of the cells into identical phage resistant cultures inhibited phage development. After phage production is underway (after 6 to 9 h) the culture can be diluted and phage growth will continue.
In stationary phase strain I4 cells the average burst size is increased to 7o9 as compared with an average burst of J 53 in exponential w.t. cells. There is a wide variation in bu~ st size and a significant proportion of cells failed to burst in the liquid medium but produced a single plaque on the indicator plates. This suggests that at the time of dilution phage development in these cells had not proceeded past the critical stage which requires the stringent culture conditions, but these conditions are restored on the indicator plate and the infected centre is able to burst and produce a plaque. The average increase in phage titre I76o  I74  I96  17oo  49I  280  19oo  608  I69  17oo  352  lO6  I3  429  257  2ooo  184  245  55  123  243  IOI2  850  165  1215  618  236  952  209  164  48  I93  86  2000  590  384  18oo  65  I34  i4oo  419  I98  78 10245 Total 20777 Average burst sizes taking into account samples with more than one particle and disregarding plates with single plaques 709 I53
from IO to 5 × Io9 p.f.u./ml over 24 h is due to at least two successive growth steps of approx. 9 to I2 h rather than a single step of phage growth. Ellis & Delbriick (I939) showed that the latent period for phage development increased as the division period of the host bacteria increased. Furthermore, Delbriick (I94O) compared phage growth in rapidly dividing cells and in a 24 h culture and reported that not only was the latent period doubled in the latter but the burst size was drastically reduced to one-eighth of that in rapidly dividing cells. In stationary phase Achromobacter strain ~4 cells, there is no cell division and no detectable DNA synthesis (Woods, i976) and it is perhaps not surprising that the latent period is so long. However, the increased burst size for a large duplex DNA phage is a unique feature of the system. Pre-conditioning of the bacterial cells by allowing them to stand for 24 h after shaking is an important aspect of the stationary phase phage growth system. Cells which have been allowed to stand retain the ability to support phage growth for at least 16 days. Shaking cultures gradually lose the ability to support phage growth but the phage can persist in the host cell for IO days until removal from shaking when the lytic cycle can proceed in liquid medium. Even after this time phage development still takes place on agar plates because there is never a net loss in p.f.u, and the infected cell must burst on the indicator plate. This suggests that some early steps in phage development do occur under the shaking conditions, but completion of the lytic cycle is blocked.
i8-2
The adsorption of phage ~3a to strain 14 exponential and stationary phase cultures is slower than to w.t. cultures. However, inability of phage c~3a to develop in exponential cultures of strain I4 is not due to surface exclusion as the velocity constants for adsorption to exponential and stationary phase cultures are comparable.
This unique virus-host relationship where ID-day-old cultures support good phage growth may be useful in probing some features of metabolism in stationary phase bacteria. The phage c~3a must replicate using stationary phase metabolic machinery, and the failure of phage to develop on exponential cells indicates that qualitative changes occur during progression into the stationary phase. Our previous paper (Robb et al. 1977) suggested a model involving a changed template specificity for RNA transcription. We are presently analysing the molecular events during the stationary phase growth cycle described here to test this model. 
